Mg 2 Si thin films were successfully fabricated on 125-¯m-thick flexible polyimide substrates by radio-frequency (RF) magnetron sputtering deposition using a sintered polycrystalline Mg 2 Si target. The crystalline orientation of the films was influenced by the substrate temperature (Ts). The produced films exhibit n-type carriers. The electron concentration and mobility of nondoped Mg 2 Si films at Ts = RT were 1.9 © 10 16 cm ¹3 and 1.2 cm 2 /(V s), respectively. The Seebeck coefficient was ¹748¯V/K at 336 K, and its absolute value decreased with increasing temperature. The power factor was 3.3 © 10 ¹7 W/(cm K 2 ) at 710 K, which is approximately one order of magnitude lower than that of the bulk sintered Mg 2 Si sample.
Introduction
Magnesium silicide (Mg 2 Si) is a narrow band gap semiconductor with an indirect band gap of 0.60.8 eV, 1) 3) and therefore has great potential in a wide variety of applications such as thermoelectric generators, solar photovoltaic (PV) cells, thermophotovoltaic (TPV) cells, and infrared (IR) sensors. Mg 2 Si is composed of environmentally friendly, non-toxic, low-cost elements found abundantly on the Earth. The Clarke values for Si and Mg are the second and eighth largest, respectively. Mg 2 Si has numerous advantages including its light weight, high electron mobility, high optical absorption coefficients, and high thermoelectric figure of merit. 4)6) Mg 2 Si has attracted much attention as a thermoelectric conversion material used in the middle temperature range of 573873 K. However, a high thermoelectric power factor (PF) of ³3 © 10 ¹5 W/(cm K 2 ) has been achieved by impurity doping into Mg 2 Si even at RT. 7) Research related to Mg 2 Si compounds has focused on bulk materials rather than thin films; this is because Mg 2 Si thin film fabrication is difficult due to Mg's high vapor pressure and its low condensation coefficient on a Si substrate. 8) Various techniques for fabricating Mg 2 Si thin films have been investigated. Magnetron sputtering is one of important technologies for industrial manufacturing of large-area high-quality thinfilm deposition. 9)12) However, there have been limited reports on Mg 2 Si thin film fabrication using magnetron sputtering.
13)16)
Recently, the authors reported on the fabrication of n-type purephase Mg 2 Si polycrystalline films on glass, Si wafer, or polycrystalline Al 2 O 3 substrates through radio-frequency (RF) magnetron sputtering deposition with the substrate at RT and an elemental composite target composed of Si chips on a Mg disk. 17) Polyimide (PI) has been reported to be a high performance flexible film for a wide variety of applications such as photovoltaics, thermoelectric devices, and printed circuits because of its low thermal conductivity, thermal stability, and low coefficient of thermal expansion.
18) The fabrication of flexible thin film thermoelectric devices using Bi 2 Te 3 or Sb 2 Te 3 on a PI substrate has been reported previously. 19 ),20) However, Te-based thermoelectric materials contain some toxic and low-abundance elements. This paper presents the first successful fabrication of Mg 2 Si films on flexible PI substrates by a RF magnetron sputtering deposition using a sintered polycrystalline Mg 2 Si target. The electrical properties of the films were investigated through Hall Effect measurements, Seebeck coefficient, and electrical resistivity using a four-point probe method or the van der Pauw method.
Experimental procedure
Mg 2 Si films were fabricated using a RF magnetron sputtering deposition system (Model: HSR-551S, Shimadzu Corporation, Kyoto, Japan) for 30 min at 150 W sputtering power under an Ar atmosphere (Ps = 0.667 Pa) onto PI film substrates (Kaptonμ 500 V, thickness: 125¯m, DuPont-Toray Co., Ltd., Japan). The Ts was varied between RT and 573 K.
The sputtering target was polycrystalline Mg 2 Si (purity: >99%; diameter: 101.6 mm, Kojundo Chemical Laboratory Co., Ltd.; Saitama, Japan). Scanning electron microscopy and energy-dispersive X-ray spectrometry (SEM-EDX, Model: JSM-6610LA, JEOL, Tokyo, Japan) were used to investigate the surface topography and microstructure and to perform elemental analyses of the films. X-ray powder diffraction (XRD, Model: RINT 2500, Rigaku, Tokyo, Japan), with Cu K¡ radiation at 40 kV and 100 mA was performed for the phase analysis. The incident angle was fixed at 0.5°. The crystalline phase was identified by comparing the experimental XRD patterns with standards compiled by the International Center for Diffraction Data (ICDD, Newtown Square, PA).
The electrical resistivity (µ) calculated by the van der Pauw method and the Hall coefficient (R H ) estimated by the AC magnetic field method were measured at RT using a ResiTest 8320 (Toyo Corp., Tokyo, Japan). The carrier concentration of the samples was determined by the factor (e«R H «) ¹1 . The Seebeck coefficient (S) and µ were measured using a DC four-point probe method under a He gas atmosphere in the temperature range of 323 to 723 K using ZEM-1S equipment (ULVAC Co. Ltd., Yokohama, Japan). Figure 1 shows the XRD patterns of the MgSi films deposited on PI film substrates at T S = RT573 K. The EDX analysis revealed that the Mg/Si atomic composition ratio of the deposited films at T S = RT, 423, 473, 523, and 573 K were 1.94, 1.84, 1.86, 1.83, and 1.85, respectively, indicating a nearstoichiometric composition (Mg/Si = ³2.0). The XRD patterns of the MgSi films revealed the presence of cubic Mg 2 Si (PDF #35-0773) on the PI substrate. The XRD patterns had ten sharp peaks [namely the Mg 2 Si (111), (200), (220), (311), (400), (331), (420), (422), (511), and (440) planes] and broad hallow peaks from the PI substrate. The strongest XRD peak was the (200) plane of the Mg 2 Si phase at T S = RT473 K. When the MgSi films were deposited between the temperature range of T S = RT 573 K, the peak intensity of the Mg 2 Si (220) plane gradually increased with increasing Ts. At T S > 523 K, the strongest XRD peak was the Mg 2 Si (220) plane. . The incremental growth of the strong Mg 2 Si (220) peak in the XRD with increasing temperature is explained as the result of the diamondshaped Mg 2 Si crystal grain growth. Thornton 21) reported the microstructural dependence of sputtered thin films on substrate temperature (Ts) and Ar pressure. At low Ts, the grains form a columnar structure orientated in a normal direction to the substrate. However, the grain growth and restructuring into thermodynamically stable structures occur with increasing Ts. Balout et al. 22) have recently reported a theoretical result that the surface energy of the (110) surface of Mg 2 Si is the lowest among the (100), (110), and (111) surfaces by performing first-principles calculations based on density functional theory. Therefore, it is considered that the degree of orientation along the (220) plane increases with increasing Ts. Figure 3 shows the temperature dependence of µ, S, and thermoelectric power factor (PF= S 2 /µ) of the Mg 2 Si thin films deposited at RT on PI substrates in this study compared with the values for a polycrystalline bulk sample. 23) At near RT, the µ of the Mg 2 Si film on the PI substrate is nearly three orders of magnitude higher than that of the bulk sintered Mg 2 Si sample. The µ of the Mg 2 Si thin film on the PI substrate decreased with increasing temperature; however, the µ of the bulk sintered Mg 2 Si sample increased with temperature, reaching a maximum at 478 K, after which it decreased with further increase in temperature. The S of the Mg 2 Si thin film has a negative value across the entire measured temperature range, with S equal to ¹748 V K ¹1 at 336 K, while the absolute S value decreased with increasing temperature, reaching ¹246¯V K ¹1 at 710 K. The S values for the films in this study were close to the previous Fig. 1 . The XRD pattern substrate temperature dependence of the Mg Si films deposited on polyimide film substrates at T S = RT573 K. experimental value of a bulk sintered Mg 2 Si sample. Recently, Ogawa et al. 24) reported on the electrical properties of a Mg 2 Si thin film on a (011) sapphire substrate by RF magnetron sputtering. They noted that all films converted to p-type after postannealing at 773 K, although the as-deposited films showed both p-and n-type conduction at RT. The difference seen in the S values strongly suggests that the carrier type of the nondoped Mg 2 Si thin film is affected by the intrinsic defects 25),26) that depend on the fabrication process parameters, including sputtering power, gas pressure, substrate type, the chemical composition of the target, Ts, and the post-annealing conditions. The PF of the Mg 2 Si film on the PI substrate is 3.3 © 10 ¹7 W/(cm K 2 ) at 710 K, which is approximately one order of magnitude lower than that of the bulk sintered Mg 2 Si sample [2.7 © 10 ¹6 W/(cm K 2 ) at 766 K]. The main reason for the low PF of the Mg 2 Si thin film may be due to its low mobility caused by the grain boundary scattering of electrons because the crystalline size of the Mg 2 Si film (below a few hundred nanometers) is much smaller than that of the bulk sample (approximately a few tens of micrometers). Moreover, the intrinsic defects in the Mg 2 Si film may affect the mobility.
Results and discussion

Conclusions
In summary, n-type Mg 2 Si thin films were successfully fabricated on 125-¯m-thick flexible PI substrates through a radiofrequency (RF) magnetron sputtering deposition using a sintered polycrystalline Mg 2 Si target. The electron concentration and mobility of nondoped Mg 2 Si films at Ts = RT were 1.9 © 10 16 cm ¹3 and 1.2 cm 2 /(V s), respectively. The Seebeck coefficient was ¹748¯V/K at 336 K, and its absolute value decreased with increasing temperature. The authors believe that the Mg 2 Si thin films on flexible substrates will have potential future applications in thermoelectric generators/coolers, solar photovoltaic cells, thermophotovoltaic cells, and infrared sensors. Tani et al.: Electrical properties of Mg 2 Si thin films on flexible polyimide substrates fabricated by radio-frequency magnetron sputtering JCS-Japan
